The decay of the narrow resonance B * 0 s2 → B − K + can be used to determine the B − momentum in partially reconstructed decays without any assumptions on the decay products of the B − meson. This technique is employed for the first time to distinguish contributions from D 0 , D * 0 , and higher-mass charmed states (D * * 0 ) in semileptonic B − decays by using the missing-mass distribution. The measurement is performed using a data sample corresponding to an integrated luminosity of 3.0 fb −1 collected with the LHCb detector in pp collisions at center-of-mass energies of 7 and 8 TeV. The resulting branching fractions relative to the inclusive B − → D 0 Xµ − ν µ are 
Introduction
The composition of the inclusive bottom-to-charm semileptonic rate is not fully understood. Measurements of the exclusive branching fractions for B → D ν and B → D * ν and corresponding decays with up to two additional charged pions [1] do not saturate the total b → c semileptonic rate as determined from analysis of the charged lepton's kinematic moments [2] [3] [4] . One way to resolve this inclusive-exclusive gap is to make measurements of relative rates between different final states.
Semileptonic decays with excited charm states act as important backgrounds both to the exclusive decay channels B → D ν and B → D * ν and for the study of semileptonic b → u transitions. For example, understanding these backgrounds is essential for experimental tests of lepton flavor universality studied by comparing the rates of tauonic and muonic b-hadron decays, e.g. R(D [1] . We use the collective term D * * to refer to these as well as other resonances such as radially excited D mesons, and to nonresonant contributions with additional pions.
The contribution of excited states to the total semileptonic rate can be studied using B decays in which the B momentum is known. This allows one to calculate the mass of the undetected or "missing" part of the decay, and thus separate different excited D states. In this paper we employ for the first time the technique described in Ref. [12] to accomplish this reconstruction in B − → D 0 Xµ − ν µ decays, where X refers to any number of additional particles, without assumptions about the decay products of the B − meson. There are three narrow peaks in the B − K + mass distribution just above the mass threshold from decays of the orbitally excited L = 1 B * * s mesons [13] [14] [15] . We focus on the decay B * 0 s2 → B − K + , which forms a narrow peak approximately 67 MeV above the threshold, 2 and has the largest yield of any observed excited B where the first uncertainty is experimental and the second gives an envelope of different extrapolation hypotheses to explain the inclusive-exclusive gap. Precise measurements of the relative branching fractions can distinguish between the hypotheses. Higher values in the D * * 0 envelope (20% or more) would point towards a scenario in which there is a large contribution of unmeasured excited charm states. Lower fractions, closer to 14%, would suggest that the currently measured exclusive decays correctly describe the makeup of the total rate, and the inclusive-exclusive gap is due to other systematic effects.
A description of the data samples and selections used in this paper may be found in Sect. 2. Afterwards we discuss the missing mass reconstruction and related variables in Sect. 3. Along with the signal B * 0 s2 decays, a large fraction of background decays are also selected. Yields and missing mass shapes must be determined for each of the background categories as described in Sect. 4. The most important background source is semileptonic decays of B − and B 0 mesons with the same final state as the signal that do not originate from B * 0 s2 decays. After accounting for other sources of background in Sect. 4.1, we estimate the yield and shape of this source in Sect. 4.2. The relative branching fractions are determined using a template fit to the missing mass distribution as described in Sect. 5. The systematic uncertainties included in the fit are then described in Sect. 6. The final result is presented in Sect. 7.
Data sample and selection
The LHCb detector [18, 19] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a siliconstrip vertex detector surrounding the pp interaction region [20] , a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes [21] placed downstream of the magnet. The tracking system provides a measurement of momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV. The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors [22] . Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers [23] . The online event selection is performed by a trigger [24] , which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction.
We use data samples collected in 2011 and 2012, at center-of-mass energies of 7 TeV and 8 TeV respectively, corresponding to an integrated luminosity of 3.0 fb
The final-state particles are formed from high-quality tracks required to be inconsistent with being produced at any primary collision vertex in the event. Loose particle-identification requirements are also applied to these tracks. The K − and π + candidates must form a high-quality vertex, and their combined mass must lie in the range 1840 to 1890 MeV. The muon from the D 0 µ − candidate is required to pass the hardware trigger, which requires a transverse momentum of p T > 1.48 GeV in the 7 TeV data or p T > 1.76 GeV in the 8 TeV data. The software trigger requires a two-, three-or four-track secondary vertex with a significant displacement from any primary pp interaction vertex, consistent with coming from a b hadron. The D 0 µ − vertex must be of high quality, and well separated from the primary vertex.
After selecting B − candidates, we add candidate kaons consistent with originating from the primary vertex, referred to as prompt, to form the B * 0 s2 candidates. To reduce background from misidentified pions from the primary interaction, we impose strong particle-identification requirements. The selection requirements for the prompt kaons are optimized using the fully reconstructed decay B − → J/ψ K − . Signal decays produce a B − K + pair; in addition to this opposite-sign kaon (OSK) data sample, we also use B − K − same-sign kaon (SSK) combinations to help estimate backgrounds from data. Samples of simulated B * 0 s2 events are used to model the
For the D * * 0 component, the simulation includes contributions from the four L = 1 D mesons as well as a small contributions of nonresonant D ( * ) π decays. In the simulation, pp collisions are generated using Pythia [25] with a specific LHCb configuration [26] . Decays of hadronic particles are described by EvtGen [27] , in which final-state radiation is generated using Photos [28] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [29] as described in Ref. [30] .
3 Reconstruction of the B
− meson momentum
We find the energy of the B − meson by using its flight direction from the primary vertex to the secondary D 0 µ − vertex; a diagram of the decay topology is shown in Fig. 1 The first is the minimum mass of the B − K ± pair. For a particular B − vertex and kaon track, there is a minimum m BK mass hypothesis for which the B − energy solutions are real. At this value, the discriminant of the quadratic equation is zero. This minimum mass value is given by
where p K is the kaon momentum in the laboratory frame, m K is the kaon mass, and θ is the angle between the kaon direction and the direction from the primary to the secondary vertex. The distribution of the difference between m min and the m B + m K threshold, ∆m min = m min − m B − m K , shown in Fig. 2 for both the OSK and SSK data samples, has excesses corresponding to the B * 0 s2 and B 0 s1 states even for decays that are not fully reconstructed. We use these distributions in a control region of 0 < ∆m min < 220 MeV to constrain the total amount of B * 0 s2 decays and non-B * 0 s2 background contributions in our selection, as described in more detail in Sect. 4.
Decays of B 0 s1 mesons and background candidates where a secondary kaon is misidentified as coming from the primary interaction have small values of ∆m min ; the latter produces the increase near zero seen in Fig. 2 . To remove these, we define our signal region for the missing mass fit as 30 < ∆m min < 67 MeV.
The second quantity is the missing mass, assuming the particles result from the decay of a B * 0
). The energy of the B − meson, E B , is calculated as follows:
miss between the reconstructed missing-mass squared and the corresponding true values for different classes of solutions are shown in Fig. 3 . When E B is correctly reconstructed, the full-width at half maximum of the ∆m Together, these backgrounds total 8% of all selected candidates. We estimate their yield and shape in both the m 2 miss and the ∆m min variables as described in Sect. 4.1. These can then be accounted for in both the distributions of the OSK and SSK data samples. We then estimate the semileptonic B − and B 0 backgrounds as described in Sect. 4.2. The expectation for the B 0 contribution is subtracted from the remaining SSK sample, producing an estimate for the shape of the B − contribution in that sample. These two distributions are then extrapolated to the OSK sample to produce the background estimation. The difference between this estimation and the full OSK yield is composed of signal decays. Combinations of D 0 µ − not coming from a single b-hadron decay are estimated using a wrong-sign (D 0 µ + ) control sample, assuming that the doubly Cabbibo-suppressed contribution from D 0 → K + π − is negligible. Along with this estimation, the contributions from misidentified muons to both the signal and wrong-sign samples are estimated using a control sample with particle-identification requirements that remove true muons. We then weight this sample using-particle identification efficiencies derived from calibration samples [31] to estimate the misidentified muon contamination. Together these two sources make up less than 1% of selected candidates.
Backgrounds not from semileptonic decays of
We use a combination of data and simulation to estimate backgrounds from 
In data, additional candidates identified as kaons or protons, which are inconsistent with being produced at any primary collision vertex, are combined with the D 0 µ − candidates. This is done for both right-( s case, the resulting yield is corrected for efficiency, and for modes with neutral kaons, using simulation. We take the shape of the contribution in ∆m min from simulation. There is an important contribution at low ∆m min where the kaon from the B 0 s decay points back to the primary vertex and is selected as the prompt kaon. This contribution is not present in the data control sample because of the requirement for the additional kaon to be inconsistent with any primary vertex. The final cut on ∆m min does, however, remove this component from the signal region.
Since the simulation does not reproduce well the shape in m case, the contribution is less than 1%. The shapes in both ∆m min and m 2 miss are taken from the control sample, and scaled based on the efficiency in simulation. The relative uncertainty on the normalization of this contribution is 20%. The ∆m min distribution for the sum of these backgrounds is shown in Fig. 6 .
Backgrounds from semileptonic decays of B
− and B
mesons
We first estimate the number of candidates in the OSK signal region that do not come from B * 0 s2 decays. This is done with a fit to the ∆m min distribution in the control region after subtracting the backgrounds described in Sect. 4.1. The fit is done for three bins of prompt kaon p T to account for the different spectra of the SSK and OSK samples: 0.5 < p T < 1.25 GeV, 1.25 < p T < 2 GeV, and p T > 2 GeV. The ∆m min shapes for B * 0 s2 → B − K + signals as well as B 0 s1 and B * 0 s2 → B * − K + , with B * − → B − γ, backgrounds are taken from simulation. We model the background contribution using a fifth-order polynomial; the high order allows the fit to account for additional backgrounds peaking near ∆m min = 0.
In an alternative approach, the SSK sample is scaled to model the background in the OSK sample. The scaling is based on a linear fit to the ratio between OSK and SSK samples in the region ∆m min > 100 MeV, where the signal contribution is negligible. The ∆m min distributions, showing the results of these two methods of background estimation, are shown in Fig. 7 . We use the difference of the two methods to estimate the systematic uncertainty on the background yield.
The two methods constrain the yield of non-B * 0 s2 decays as a function of ∆m min , however the missing-mass shape in the OSK channel must still be determined. For each type of background decay, the missing-mass distribution is the same in the OSK and SSK samples for a particular value of ∆m min . However, since the missing mass also depends on the decay products, the distributions are different for B − and B 0 decays. The fraction of this background coming from B 0 decays is also different in the SSK and OSK samples. 
The uncertainty on r D * comes chiefly from experimental uncertainty, while the dominant uncertainty on r D * * comes from extrapolation to the unmeasured parts of the semileptonic distribution. This is then scaled up by 10% to estimate the B 0 contribution to the OSK sample. The remainder of the SSK sample, composed of B − decays, is scaled up so that when it is added to the B 0 estimate, the total number of background candidates in the OSK sample is equal to the result of the ∆m min fit. We accomplish this procedure using an event-by-event weighting that accounts for the background yield as a function of ∆m min .
Contributions not from semileptonic decays of B − and B 0 mesons that are subtracted from the SSK sample (B 
Fit description
The fractions of interest, f D 0 and f D * * 0 , are determined from a binned-template, maximumlikelihood fit to the missing-mass distribution of the OSK sample. To control statistical fluctuations in the templates for the missing-mass tails, which are important for determining the D * * 0 content, a variable bin size is used for the template fit. The sum of the templates is allowed to vary bin-by-bin based on the combined statistical uncertainty of all templates. This variation is included using a single nuisance parameter for each bin that is constrained by the statistical uncertainty. It is dominated by the uncertainty of the SSK sample used to create the combined B − and B 0 background template. The effect of these uncertainty parameters is determined analytically using the Barlow-Beeston method [32] . Unless otherwise specified, we account for systematic uncertainties using nuisance parameters that are free to vary in the fit; these parameters are allowed to vary around their central values with a Gaussian constraint based on their uncertainty.
In total, the fit contains three signal and eight background templates: background from semileptonic B s2 decays with a B − decay to two charm mesons. There are 18 free parameters in the fit, not including the nuisance parameters for the template statistical uncertainties.
The three templates describing the signal are obtained from simulation-exclusive D 0 , exclusive D * 0 , and the sum of all D * * 0 modes; these are shown in Fig. 4 . We also correct for the relative reconstruction and selection efficiencies between these samples, which are taken from simulation. Relative to the D * 0 mode, the efficiency of the D 0 mode is 92% and that of the D * * 0 mode is 68%. In addition to the two signal fractions of interest, three more free parameters govern the shape changes from the variations of the form factors, and one parameter gives the overall signal yield.
The template describing the B − and B 0 backgrounds not coming from a B * 0 s2 meson is extrapolated from the SSK sample as described in Sect. 4. Four free parameters describe the systematic variations of the normalization as a function of ∆m min . In the fit, the parameters r D * and r D * * and the fractions f D 0 and f D * * 0 are used to calculate f B 0 for the current evaluation of the fit function. This variation is constrained by the uncertainties of r D * and r D * * . The current value of f B 0 is combined with a set of templates that vary f B 0 by ± 1% to extrapolate from the nominal value and produce the estimated background shape for this evaluation. An additional uncertainty in this template comes from the m 
where R(D) is the ratio B B → Dτ − ν τ /B B → Dµ − ν µ , and R(D * ) and R(D * * ) are the corresponding ratios in the other decay channels. This is combined with the τ → µX branching fraction [36] and the relative efficiency to reconstruct τ decays taken from simulation. The expected contribution is (1.5 ± 0.3)% of the selected B * 0 s2 decays. The uncertainty is dominated by the difference of the Standard Model expectations and the world-average measured values of R(D) and R(D * ) [1] , which we take as a systematic uncertainty.
The other backgrounds coming from B * 0 s2 → B − K + decays are B − mesons decaying to double-charm states of various types. A simulated sample composed of many different decays producing D 0 µ − final states is used to determine the shape of this component. The normalization of the resulting missing-mass template is expected to be about 1% of B * 0 s2 decays based on branching fractions, but is left unconstrained in the fit.
Systematic uncertainties
Each of the signal components has systematic uncertainties associated to its shape. The systematic uncertainty on the D 0 and D * 0 components is estimated based on uncertainties in the form-factor parameters. We reweight our simulated samples using the Caprini-Lellouch-Neubert (CLN) expansion formalism [37] , with the uncertainties on the parameters taken from HFLAV [1] . This produces negligible changes in the missing mass template shapes compared to the other uncertainties in this analysis.
The uncertainty on the relative signal efficiencies is approximately 2%. We obtain the associated systematic uncertainty by repeating the fit with different efficiency values obtained by varying the efficiencies by their uncertainties.
For the D * * 0 template, in addition to a large variation in the form-factor distribution based on results from Ref. [35] , we create an alternative template with different branching fractions for the various resonant and nonresonant decay modes. The most important difference is the inclusion of a larger fraction of higher mass, nonresonant D ( * ) π and D ( * ) ππ decays, where the pions may be of any allowed charge combination. This shape is fixed in the template fit; a second fit with the alternative template is used to estimate the systematic uncertainty from this shape. During this second fit, the signal efficiency of the D * * 0 component is also adjusted along with the template. This uncertainty leads to the bands shown in Fig. 4 .
For background contributions not from B − or B 0 semileptonic decays, we include individual uncertainties on their normalizations. Systematic variations in the shapes are dominated by the statistical bin-by-bin statistical uncertainty.
We consider a number of systematic uncertainties on the B − and B 0 contributions. The uncertainty due to the overall normalization comes from two sources. The statistical uncertainties in the polynomial background function of the ∆m min fit are used to modify the template. This corresponds to an uncertainty of less than 1% on the yield in each prompt kaon p T bin. We also use the alternative extrapolation using the ∆m min ratio to provide an alternative normalization, giving an uncertainty of approximately 2%. Both of these uncertainties produce only small changes in the templates. The uncertainties in r D * and r D * * give the uncertainty on the B 0 fraction. The uncertainty in the B 0 m 2 miss shape is estimated from the uncertainty in the efficiency from simulation to reconstruct the pion in the D 0 π ± µ − combination. An estimated breakdown of the total statistical and systematic uncertainty is given in Table 1 . The largest source of uncertainty is the statistical uncertainty from the extrapolated SSK data sample. The uncertainty in the B 0 m 2 miss shape is also important because of its effect on the high m 2 miss tail. Most systematic uncertainties are included in the fit with constrained nuisance parameters. The only source for which the fit result has a significantly smaller uncertainty than the initial constraint is the normalization of the non-B * 0 s2 background from the ∆m min extrapolation. For the final result, the total uncertainty is taken from the best fit, with the fixed systematic uncertainties for the relative signal efficiencies and the D * * 0 branching fractions from added in quadrature. 
Results and conclusions
The result of the template fit is shown in Fig. 8 . We find the parameters of interest
where the uncertainty is the total due to statistical and systematic uncertainties. Contours for the 68.3% and 95.5% confidence intervals for the nominal fit are shown in Fig. 9 . From the conditional covariance of the two parameters of interest combined with the fit result using alternate D * * 0 branching fractions, the correlation coefficient of the two parameters is ρ = −0.38, which is dominated by the change in the alternate branching-fraction fit. The fraction f D * 0 is equal to 1 − f D 0 − f D * * 0 = 0.54 ± 0.07, but this cannot be taken as an independent determination.
The results are compatible with expectations based on previous exclusive measurements [17] . Because of the uncertainty on the D * * 0 component, the results do not yet favor a particular explanation for the exclusive-inclusive gap.
We have demonstrated that the reconstruction of the momentum of B − decays with missing particles using B * 0 s2 decays is a viable method at the LHCb experiment. This technique requires much larger data sets than measurements with inclusive B − selections, but measuring the missing mass provides important discriminating power between different decay modes, and between signal and backgrounds. This is a promising method to employ with the additional data that the LHCb experiment has collected in Run 2 and will collect in the future.
A Derivation of the B
− meson energy
Consider a known B − momentum direction with unknown energy and a kaon of momentum p K at an angle θ in the laboratory frame with respect to it. Taking the B − direction as the z-axis, the squared mass of the
For a particular m BK hypothesis, Eq. (8) can be written The solution to the quadratic equation for E B is
where 
